
Proc. Natl. Acad. Sci. USA
Vol. 96, pp. 3864–3869, March 1999
Immunology

Crystal structure of the HLA-Cw3 allotype-specific killer cell
inhibitory receptor KIR2DL2

GREG A. SNYDER*, ANDREW G. BROOKS†, AND PETER D. SUN‡§

*Department of Biochemistry, Molecular Biology, and Cell Biology, 2153 Sheridan, O. T. Hogan Hall, Room 2-100, Northwestern University, Evanston, IL 60208;
†Department of Microbiology and Immunology, University of Melbourne, Royal Parade, Parkville, 3052 Victoria, Australia; and ‡Structural Biology Section,
Office of the Scientific Director, National Institute of Allergy and Infectious Diseases, National Institutes of Health, 12441 Parklawn Drive, Rockville, MD 20852

Edited by David R. Davies, National Institute of Diabetes and Digestive and Kidney Diseases, Bethesda, MD, and approved January 19, 1999
(received for review November 11, 1998)

ABSTRACT Killer cell inhibitory receptors (KIR) protect
class I HLAs expressing target cells from natural killer (NK)
cell-mediated lysis. To understand the molecular basis of this
receptor-ligand recognition, we have crystallized the extra-
cellular ligand-binding domains of KIR2DL2, a member of the
Ig superfamily receptors that recognize HLA-Cw1, 3, 7, and 8
allotypes. The structure was determined in two different
crystal forms, an orthorhombic P212121 and a trigonal P3221
space group, to resolutions of 3.0 and 2.9 Å, respectively. The
overall fold of this structure, like KIR2DL1, exhibits K-type Ig
topology with cis-proline residues in both domains that define
b-strand switching, which sets KIR apart from the C2-type
hematopoietic growth hormone receptor fold. The hinge angle
of KIR2DL2 is approximately 80°, 14° larger than that ob-
served in KIR2DL1 despite the existence of conserved hydro-
phobic residues near the hinge region. There is also a 5°
difference in the observed hinge angles in two crystal forms of
2DL2, suggesting that the interdomain hinge angle is not fixed.
The putative ligand-binding site is formed by residues from
several variable loops with charge distribution apparently
complementary to that of HLA-C. The packing of the receptors
in the orthorhombic crystal form offers an intriguing model
for receptor aggregation on the cell surface.

As part of the innate immune system, natural killer (NK) cells
activate their cytolytic killing against certain pathogen-
infected or tumor cells. Critical to this function is the ability of
NK cells to discriminate between self- and nonself, thereby
directing NK-mediated lysis only against appropriate target
cells. One mechanism to achieve self-recognition is through
regulation by cell surface inhibitory receptors that are capable
of interacting with class I MHC molecules expressed on the
target cell surface, as proposed by Kärre and coworkers in the
‘‘missing-self’’ hypothesis (1, 2).

To date, two superfamilies of receptors, the Ig superfamily
and the C-type lectin superfamily, are known to mediate class
I MHC-regulated NK functions (3, 4). The receptors of the Ig
superfamily are type I transmembrane glycoproteins, which
contain one or more Ig-like extracellular domains (5, 6),
whereas the C-type lectin receptors are dimeric type II trans-
membrane glycoproteins, with each chain containing a single,
extracellular C-type lectin domain. The ligand for the human
C-type lectin receptor, CD94yNKG2, has been identified
recently as the nonclassical class I antigen HLA-E (7–10).

The best-studied Ig superfamily killer cell inhibitory recep-
tors (KIR) consist of the p50, p58, and p70 molecules, now
known as KIR2DS, KIR2DL, and KIR3D, respectively, dis-
tinguished by their molecular weight. KIR2DS and KIR2DL
receptors contain two Ig domains (known as D1 and D2) and

differ primarily in the transmembrane and the intracellular
regions. KIR2DL molecules are inhibitory receptors possess-
ing intracellular immunoreceptor tyrosine-based inhibitory
motifs (ITIM), whereas KIR2DS molecules appear to be
noninhibitory receptors with shorter intracellular tails that
interact with an immunoreceptor tyrosine-based activation
motif (ITAM) containing signaling component DAP12 (11).
KIR3D members have three Ig domains (known as D0, D1,
and D2) and can be either inhibitory or noninhibitory.

KIR2DL1 and KIR2DL2 represent two distinct classes of
p58 molecules that recognize HLA-Cw2, -4, -5, and -6 and
HLA-Cw1, -3, -7, and -8 allotypes, respectively (12, 13).
Recently, the crystal structure of KIR2DL1 revealed a fold
that resembles the hematopoietic growth factor receptor fold
(14). In an attempt to understand the molecular basis of HLA
allele specificities, we now describe the structure of KIR2DL2.

MATERIALS AND METHODS

Protein corresponding to the extracellular ligand-binding re-
gion of 2DL2 was expressed in a bacterial expression system
and refolded in vitro by using a procedure similar to that
published previously (15). All crystallization trials were per-
formed by using hanging-drop vapor-diffusion method at room
temperature. The crystals of 0.05 3 0.04 3 0.1 mm in size were
obtained under the conditions of 250 mM calcium acetate, 6%
PEG 8000, and 33 mM sodium cacodylate, pH 6.5, using
proteins corresponding to amino acids 1–200. These crystals
belong to the orthorhombic space group P212121, and they
diffracted to 3.0 Å with cell dimensions a 5 40.5 Å, b 5 71.5
Å, c 5 88.8 Å and a 5 b 5 g 5 90°. A second trigonal form
was obtained in a solution of 400 mM calcium acetatey70 mM
sodium cacodylate (pH 6.5). Microseeding of this form yielded
crystals 0.1 3 0.1 3 0.4 mm in size that diffracted to 2.9 Å. It
belongs to the space group P3221 with cell dimensions of a 5
b 5 91.3 Å, c 5 61.4 Å, a 5 b 5 90°, and g 5 120°. Crystals
were flash-frozen in a stream of nitrogen gas cooled to 2180°C
after stepwise equilibration to a cryoprotecting solution con-
sisting of well solution and 30% glycerol.

Native data for P212121 and P3221 crystals were collected at
Brookhaven National Laboratory X9B beamline by using an
MAR345 detector. The KAu(CN)2 anomalous data were
collected at the Cornell High Energy Synchrotron Source
(CHESS) by using the F2 beamline adjusted to Au absorption
edge (Table 1) (16). Data were processed by using DENZO, and
SCALEPACK (17). The heavy atom positions of the gold deriv-
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ative were interpreted by SHELX-97 and refined by using
MLPHARE (18, 19).

The structure was solved by using the molecular replace-
ment method combined with heavy atom phasing. The coor-
dinates for the search model were from the KIR2DL1 struc-
ture (14). A polyalanine model with the N- and C-terminal
domains separated at amino acid 101 to allow for hinge
movement was used in the molecular replacement. Several
solutions, generated by X-PLOR and AMORE with similar cor-
relation coefficients (20, 21), were obtained for each domain,
and the correct solution for P212121 was found by visually
examining the quality of the electron density maps. It yielded
a correlation coefficient of 61.9% and an initial R factor of
41% after the rigid body fitting with AMORE. The solution for
the trigonal P3221 form was obtained by using the P212121
structure as a probe and by varying the hinge angle of the two
domains. This search yielded a solution with a correlation
coefficient of 63.1% and initial R factor of 42.1% after the rigid
body fitting with AMORE. At this point, most of the b-strands
are visible in the density. However, many of the loop regions
are not visible. To improve the electron density, the phases
obtained from the gold derivative then were combined with
those from the molecular replacement solution in the orthor-
hombic crystal form by using SIGMAA (19). Densities from the
phase-combined orthorhombic crystal then were averaged
with those from the trigonal crystal form. The refinement
proceeded with simulated annealing and positional and
grouped B factor refinement by using X-PLOR 3.8 together with
alternating model building using the program O (22). Both bulk
solvent correction and anisotropic scaling were applied to
observed reflections. After initial rounds of refinement, water
molecules were added to (2Fo 2 Fc) electron density peaks that
are higher than 1.5 s (SD of the map) and within hydrogen-
bonding distance to protein molecules. The addition of water
molecules improved Rfree by 1–2% and Rcryst by 2–3%.

RESULTS AND DISCUSSION

The Overall Structure of KIR2DL2. The extracellular li-
gand-recognition portion of the human killer inhibitory re-
ceptor 2DL2, corresponding to amino acids 1–200, was ex-
pressed in Escherichia coli as inclusion bodies and refolded in
vitro. Crystals were obtained in two different space groups, an
orthorhombic form of P212121 and a trigonal form of P3221.
The structures of the two forms have been determined by using
a combination of phases from molecular replacement, a gold
heavy atom derivative and crystal averaging to 3.0- and 2.9-Å

resolution, respectively (Tables 1 and 2), and were refined
independently. In the refined (2Fo 2 Fc) map of the ortho-
rhombic form, the FG loop region of the N-terminal domain,
residues His-85 and Gln-89, and the CC9 loop region of the
C-terminal domain, residues Ala-145 to His-146, display dis-
continuity in electron density when contoured at 1s (SD) level.
Similar regions in the trigonal crystal form, residues Thr-84 to
Pro-87 and Glu-142 to Glu-144, also display density breaks in
the final (2Fo 2 Fc) density map at 1s contour level.

The overall fold of 2DL2 is similar to 2DL1 in that each
domain forms a b-sandwich with b-strands ABED and
C9CFGA9 (Fig. 1A). The individual D1 and D2 domains of
2DL2 can be superimposed onto the corresponding domains of
KIR2DL1, resulting in rms differences of 0.9 Å and 0.6 Å
among all their Ca atoms. The N- and C-terminal domains of
2DL2, sharing a 40% sequence identity, can also be superim-
posed readily, resulting in a rms difference of 1.2 Å among 87
Ca atoms. This fold, designated as K-type (14), is similar but
not identical to a subclass of C2-type Ig fold, as found in the
hematopoietic receptor family, that includes the human
growth hormone receptor (hGHR), tissue factor, the prolactin
receptor, interferon g receptor, and erythropoietin receptor
(23–30). The difference is primarily in the pairing of two
strands. In KIR structures, the first b-strand splits into A and
A9 to hydrogen bond with the B and G strands, resulting in a
‘‘strand switching,’’ but it remains as one strand to hydrogen
bond with the B strand in hematopoietic receptors. Second, the
strand C9 in the C2 topology pairs only with strand C, whereas
the same strand in KIR pairs with both strand C and E, creating
a short D strand (Fig. 1). Interestingly, the KIR topology
resembles that of E-type Ig fold found in the rel homology
domain and the C-terminal domain of galactose oxidase (31).

A cis-Proline Residue in the First Strand Switches Strand
A to A*. Strand switching involving prolines in the first strand
has been observed in the structures of V- and I-type Ig fold,
such as the V domain of an antibody and the first domain of
vascular cell adhesion molecule 1 (32). Similarly, the switch
region in KIR involves a sharp kink followed by a four-residue
b-hairpin at the junction of strand A and A9 (Fig. 1 B and C).
This b-hairpin, which redirects strand A9 to pair with strand G,
is found in both domains of 2DL2 as well as 2DL1 and can be
attributed to the occurrence of a cis-proline residue in each
domain, Pro-14 in D1 and Pro-114 in D2. All other prolines in
the structure adopt the more commonly trans-peptide confor-
mation. The presence of a proline residue at this location is
found in all human KIR sequences, with Pro-Gly occurring
most frequently in D1 domains, Pro-Gly-Pro in D2 domains,

Table 2. Refinement statistics

Protein
atoms

Solvent
molecules Rcryst, %

rms

Bond Angle Dihedrals

Native 1 & 2 1,526 29 21.9 (30.9)† 0.010 2.00 26.5
Native 3 1,521 10 22.7 (33.1) 0.006 1.37 26.3

*SuFo 2 FcuySFo.
†Values in parentheses are Rfree calculated using randomly chosen 5% reflections.

Table 1. Data collection statistics

Data set
Space
group

Wavelength,
Å

Resolution,
Å

Unique
reflections

Average,
I/s Rsym,* %

Complete,
% P.P.† Rcullis

Native 1 P212121 1.54 3.4 3,832 11.2 11.9 (28.0)‡ 99.0 (99.2)‡

Native 2 P212121 0.9800 3.0 4,683 18.1 7.9 (28.8) 85.1 (87.9)
Native 3 P3221 0.9918 2.9 6,169 13.1 6.3 (23.6) 90.3 (75.4)
KAu(CN)2 1 P212121 1.54 3.4 5,414* 8.9 12.9 (30.4) 79.1 (81.1) 1.41 0.67
KAu(CN)2 2 P212121 1.040 2.8 9,085* 17.5 8.5 (14.8) 73.5 (70.9) 1.06 0.72

Native 1 and 2 are merged to yield a single data set with a total of 5,149 reflections, Rmerge of 11.6% and 92.3% complete to 3.0 Å.
*S(Ih 2 ^I&h)ySIh, Bijvoet pairs are merged separately.
†Phasing power. The overall figure of merit is 0.59 for the gold data.
‡Values in parentheses correspond to the last resolution shell: 3.2–3.0 and 3.0–2.9 Å for P212121 and P3221, respectively.
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and Pro-Ser in D0 domains, suggesting the presence of this
strand-switching at similar positions in all KIRs. This cis-
proline, not present in hGHR, distinguishes KIR topology
apart from that of the hematopoietic receptors. Further struc-
tural comparisons between KIR and members of other known
Ig families show that this cis-proline is present only in the
structures of KIR.

The Hinge Region. The linker between the N-terminal D1
and the C-terminal D2 domains consists of five residues,
Gly-103 to Lys-107, with Leu-104 at the hinge point. The hinge
angle between the two domains of KIR2DL2 is approximately
80° in the refined structures of the two crystal forms (calcu-
lated using the program HINGE). It differs from the 66° angle
found in the 2DL1 structure (Fig. 2A) (14). In addition, a 30°
rotation with respect to the spindle axis of D1 also is observed
between the N-terminal domains of 2DL1 and 2DL2 when
their C-terminal domains are superimposed. Such a difference
in the hinge angles between the two structures is unexpected
because both possess a rather conserved set of hydrophobic
residues in the interdomain hinge region that presumably
stabilize these angles. Such a hydrophobic core first was
observed in the structure of the T cell receptor (TCR) b chain,
where it contributed to an acute 76° hinge angle (33). This
hydrophobic core in 2DL2 consists of Leu-17, Met-69, Val-100,
Ile-101, and Thr-102 from the D1 domain and His-138, Phe-
178, Ser-180, Pro-185, Tyr-186, and Trp-188 from the D2
domain. Interestingly, Trp-188 is part of the WSXSS sequence,

the KIR family equivalent of WSXWS motif sequence found
in the hematopoietic receptor superfamily. This tryptophan
packs against the conserved Leu-17 and Val-100 of D1 domain
to form the center of the hydrophobic core. A hydrogen bond
from Thr-76 to Tyr-186 and a salt bridge from Asp-98 to
Arg-149 below the core also stabilize the hinge angle (Fig. 2 A).
Apart from a Thr-to-Ile change at position 102, the rest of the
core is identical to the structure of 2DL1. This suggests that the
observed hinge difference most likely is the result of crystal
packing rather than the change in core residues. Furthermore,
the two crystal forms of 2DL2 also differ by about 5° in their
hinge angles (Fig. 2B), indicating that they are not fixed. The
total buried solvent-accessible area between the two domains
of 2DL2 is 919 Å2 (calculated with the program SURFACE and
using a probe radius of 1.4 Å) (19), similar to the 1,076 Å2

observed for 2DL1 and the 833 Å2 between the Vb and Cb TCR
b chain (14, 33).

Sequence alignment shows that most of the residues in this
hydrophobic core are well conserved among the known KIR
sequences (Fig. 4), indicating the existence of a conserved
interdomain packing in this receptor family to restrict their
hinge to more acute angles. On the other hand, this core does
not appear to impose absolute rigidity on the hinge angle. The
ability of hinge angle to vary may reflect the at-the-hinge
location of the hydrophobic core, which makes it less sensitive
to angle changes. The phenomenon of a ligand-induced change
in hinge angle first was observed in the structure of hGHR,
where two identical receptor subunits bind to separate regions
of growth hormone using the same sets of residues (23). The
asymmetry of the hormone induces different angles in the two
receptor subunits, 95° in subunit I and 85° in the subunit II. It
can be argued that smaller hinge angles enable KIR molecules
to adopt a preshaped conformation with an exposed upward-
situated binding epitope to facilitate their scanning through a
large number of HLA class I molecules with different binding
specificity, whereas the flexibility may be necessary to allow
induced fit upon binding to their ligand class I HLA molecules.

The Charges in the KIR Putative-Binding Region Correlate
with Those in the HLA Putative Receptor-Binding Site. Sev-
eral residues near the C-terminal end of the a1 helix of HLA-C
molecules, including the dimorphic residues 77 and 80 (Asn
and Lys in Cw 2, 4, 5, and 6 versus Ser and Asn in Cw 1, 3, 7,
and 8) and residues 73, 76, and 90, have been shown to affect
receptor-binding specificity and affinity (34). In addition,
mutational analysis of the KIR has identified several residues
that are important for the recognition of HLA class I ligands.
Position 44, a lysine residue in 2DL2, appears particularly
important in determining the receptor specificity (35). Other
residues, including phenylalanine 45 and methionine 70, also
influence the ligand affinity (36, 37). Four loops (L2, L3, L4,
and L6) are situated in this region defined by mutational
analysis (Figs. 1 A and 3). Loop 2, residues 43–46, between
strands C and C9, contains both lysine 44 and phenylalanine 45.
Loop 3, residues 69–75, between the strands E and F, is found
adjacent to L2 and contains Met-70 (Fig. 3). Several other
residues, including Gln-71, Asp-72 from L3, Leu-104 and
Tyr-105 from L4, and Asp-183, Ser-184, and Glu-187 from the
C-terminal domain L6, also are found near this region. The
overall appearance of this putative ligand-binding site is quite
polar, with three acidic residues conferring a net negative
charge.

Sequence comparison indicates that three of the four loops,
L2, L3, and L6, display considerably more sequence variation
than the rest of the molecule (Fig. 4). This is particularly
obvious when L2 and L3 are compared with their topological
equivalent loops in D2, residues 143–146 and 167–171, and
when L6 is compared with its topological equivalent loop,
residues 85–90 in D1, which shows much less sequence varia-
tion. This is consistent with the notion that these three loops
are involved functionally in the recognition of HLA molecules.

A

B C

FIG. 1. (A) Ribbon diagram of 2DL2 structure. The secondary
structure assignment for the strands in D1 domain are A (8–12), A9
(16–19), B (23–30), C (36–43), C9 (46–52), D (53–56), E (60–67), F
(75–82), and G (90–101). The strands for the D2 domain are: A
(108–111), A9 (116–119), B (123–130), C (135–142), C9 (145–152), D
(153–156), E (160–167), F (172–180), and G (188–198), respectively.
This figure and other structural figures were prepared by using the
program MOLSCRIPT 2.1 and RASTER3D (55, 56). The region
around cis-Pro-14 (B) and cis-Pro-114 (C) shows the kink at
the proline residue and the b-hairpin.
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Another loop, residues 153–158 between the strands C9 and E
of the D2 domain, displays similar variability to L3. It is located
near the hinge region but away from L2, L3, L4, and L6. It is
unclear whether this loop is also involved in HLA binding.

The influence of charge on KIR recognition of HLA has
been reported in a number of studies involving both KIR3D
and KIR2D receptors (38–40). Although the molecular inter-
actions between killer cell receptors and HLA molecules are
yet to be established, the structure of the receptor, particularly
the charge distribution in the putative ligand-binding region,

does offer some insight into the apparent importance of charge
in recognition. For example, both 2DL1 and 2DL2 carry
several negatively charged residues in their ligand-binding
region, which may explain the need for a lysine residue either
from HLA molecules (Lys-80 of HLA-Cw2, 4, and 6) or from
the receptor (Lys-44 of 2DL2), but not both, for recognition.
When methionine 44 of 2DL1 is replaced with lysine, it can no
longer recognize the HLA-C allotypes possessing Asn-77 and
Lys-80 but, instead, recognizes the uncharged Ser-77 and
Asn-80 (35). Similarly, substitution of Thr-70 with Lys in 2DL1
may have disrupted the existing charge balance, thus resulting
in decreased binding (37). Furthermore, when negatively
charged residues were substituted into the binding peptide of
HLA-Cw4, a decreased receptor binding was observed, again
consistent with the disruption of the receptor–ligand charge
balance (39).

The D0 Domain. Among the three Ig domains of KIR3D, the
D1 and D2 domains share 70% or higher sequence identity
with the respective domains of 2DL2. The D0 domain of
KIR3D, however, shares less than 40% sequence identity with
either D1 or D2. Nevertheless, the presence of a proline
residue at the corresponding cis-proline location of 2DL2 in its
sequence suggests that D0 possesses a KIR topology. The
sequence alignment shows that there is a five-residue deletion
near the C9 and E strands in D0 as compared with D1 and D2
(Fig. 4). This likely results in a shorter loop between the two
strands. When the hydrophobic core residues at the hinge are
compared, the D0 domain appears to be D1-like as opposed to
D2-like. An interesting example is 2DL4, which consists of D0
and D2 without D1 (41). Because D0 possesses a D1-like
hydrophobic core at the hinge position, it can be argued that
2DL4 retains the structure similar to that of 2DL2. However,
the corresponding aspartate 98 of D1 is replaced with a valine
in D0, precluding a salt bridge between Asp-98 and Arg-149 in
2DL4. In addition, the D0 domain of 2DL4 contains a variable
loop in the same region as the L2 loop of 2DL2, suggesting that
the loop is part of the ligand-recognition site. In contrast to
2DL4, the loops in the D0 domain of KIR3D molecules show
little sequence variation, suggesting that they are not involved

FIG. 3. The residues observed in the putative ligand-binding
region. The backbones of loop 2 (residues 43–46), loop 3 (69–75), loop
4 (103–107), and loop 6 (181–187) are shown in blue, and the side
chains of residues in this region are shown in color according to atom
type: oxygen, red; nitrogen, blue; carbon, orange; sulfur, yellow.

A

B

FIG. 2. (A) Stereo drawing showing the structure overlay between 2DL1 (in red) and 2DL2 (in green) with their D2 domains superimposed.
The hinge angles, calculated with the program HINGE, are 66° and 80° for 2DL1 and 2DL2, respectively. Residues involved in the interdomain packing
are shown. The coordinates are from the refined orthorhombic crystal form. (B) Overlay of refined 2DL2 structures from the orthorhombic (in
green) and the trigonal (in blue) crystal forms.
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directly in ligand recognition. Instead, the requirement for the
D0 domain in the function of KIR3D molecules may be for
structural or for general affinity (42).

Other KIR-Like Molecules. Two new families of KIR-like
receptors, the Ig-like transcripts (ILTs, also known as leukocyte
Ig-like receptors or LIRs) and the leukocyte-associated Ig-like
receptors (LAIR-1 and -2) have been identified recently and
appeared to recognize MHC class I molecules (43–46). Both
LAIR and ILT families contain the proline residues at the
corresponding cis-proline location of 2DL2 in their Ig domains.
Among the four Ig domain ILTs, the third and fourth domains
share 44% sequence identity with the D1 and D2 domains of
2DL2, and the regions of conserved sequence align well with the
regions of regular secondary structural elements. In addition, the
murine Gp49A and B are found homologous to KIR with
approximately 35% sequence identity (47). Both are predicted to
contain the characteristic cis-proline residues, making them un-
doubtedly part of the KIR fold.

KIR2DL2 Forms an Orderly Aggregate in Crystal. Ligand-
induced receptor aggregation is presumed to be a common
mechanism for initiating receptor-mediated signaling (48, 49).
Evidence of MHC peptide-mediated T cell receptor oligomer-
ization has been found both in solution and on the cell surface
(50, 51). To date, several different structure models have been
proposed as possible mechanisms for receptor aggregation and
signal transduction (23, 52, 53). We observed an intriguing
form of receptor dimer in the orthorhombic crystals of 2DL2
(Fig. 5A). Two receptor molecules with the same orientation
dimerize in such a way that the amino-terminal D1 domain of
one receptor packs against the carboxyl-terminal D2 domain of
the other molecule with their strands in an approximate
orthogonal orientation, creating a D1yD2 heterodimer remi-
niscent of a handshake. The interface is away from the
ligand-binding region, and it involves portions of the C9, D, and
E strands from both domains with a total buried solvent-
accessible area of 480 Å2, approximately half the size of hGHR
dimer interface (23). This handshake packing between D1 and
D2, interestingly, resembles that between the a2 and b2
domains of class II MHC molecules, which buries a total of 680

Å2 solvent-accessible area. Both use the ABED b-sheet as the
common interfaces, with D strand mediating the primary
contact (Fig. 5B). It is necessary to point out, however, that this
is only the crystallographic packing, and efforts to isolate
dimeric receptors in solution has not been successful. This kind
of packing permits receptor molecules to form oligomeric
aggregates through alternating dimerization of their D1 and
D2 domains (Fig. 5C), as seen in the crystal lattice of 2DL2.
The formation of an orderly aggregate is consistent with the
observation that receptor activation often is achieved through

A B

C

FIG. 5. Dimerization and aggregation of receptors. (A) Crystal
lattice interaction results in two molecules of 2DL2 forming a D1yD2
packing. The N-terminal D1 domains are shown in blue and the
C-terminal D2 domains are in green. The putative ligand-binding
loops are shown in red. (B) The packing between the a2 (blue) and b2
(green) domains of HLA-DR1. The coordinates are from Protein Data
Bank reference 1dlh (57). (C) Receptors form an orderly aggregate in
crystal. The N-terminal domains are in blue and C-terminal domains
are in green. The C-terminal transmembrane tail and membrane
bilayer are modeled in to illustrate the orientation on the cell surface.

FIG. 4. Sequence alignment for members of the KIR family. The sequences are shown for the D0 domain (Top), D1 domain (Middle), and D2
domain (Bottom). The secondary structure of 2DL2 is shown above the sequences for D0, D1, and D2 domains. Conserved positions are indicated
by dots. The respective cis-proline residues are boxed. Residues involved in the hinge hydrophobic core are marked with an p. The variable region
in the D0 domain is underlined. Dashes indicate deletions in a sequence. The numbering is consistent with the mature amino acid sequence
numbering.
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cross-linking by antibody. As a result of the D1yD2 packing, a
D2-domain loop of the second receptor, residues 150–156, is
brought into close proximity with the putative ligand-binding
region of the first receptor. Previously, a zipping model
involving the adhesion domain of an N-cadherin has been
proposed to be important to cell adhesion (54). It is possible
that upon recognizing HLA class I molecules, the killer cell
receptors form these D1yD2 cross dimers, which, in turn, lead
to the formation of an orderly aggregation. The extent of
receptor aggregation will depend on the concentration of the
ligand HLA molecules and the affinity of the binding, because
both influence the stability of the aggregate.
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20. Brünger, A. T. (1992) X-PLOR: A System for X-Ray Crystallog-

raphy and NMR (Yale Univ. Press, New Haven, CT), Version 3.1.
21. Navaza, J. (1994) Acta Cryst. A 50, 157–163.
22. Jones, T. A., Zou, J. Y., Cowan, S. W. & Kjeldgaard, M. (1991)

Acta Crystallogr. A 47, 110–119.
23. DeVos, A. M., Ultsch, M. & Kossiakoff, A. A. (1992) Science 255,

306–312.
24. Harlos, K., Martin, D. M., O’Brien, D. P., Jones, E. Y., Stuart,

D. I., Polikarpov, I., Miller, A., Tuddenham, E. G. & Boys, C. W.
(1994) Nature (London) 370, 662–666.

25. Muller, Y. A., Ultsch, M. H., Kelley, R. F. & de Vos, A. M. (1994)
Biochemistry 33, 10864–10870.

26. Banner, D. W., D’Arcy, A., Chene, C., Winkler, F. K., Guha, A.,
Konigsberg, W. H., Nemerson, Y. & Kirchhofer, D. (1996)
Nature (London) 380, 41–46.

27. Somers, W., Ultsch, M., de Vos, A. M. & Kossiakoff, A. A. (1994)
Nature (London) 372, 478–481.

28. Walter, M. R., Windsor, W. T., Nagahhushan, T. L., Lundell,
D. J., Lunn, C. A., Zauodny, P. J. & Narula, S. K. (1995) Nature
(London) 376, 230–235.

29. Livnah, O., Stura, E. A., Johnson, D. L., Middleton, S. A.,
Mulcahy, L. S., Wrighton, N. C., Dower, W. J., Jolliffe, L. K. &
Wilson, I. A. (1996) Science 273, 464–471.

30. Syed, R. S., Reid, S. W., Li, C., Cheetham, J. C., Aoki, K. H., Liu,
B., Zhan, H., Osslund, T. D., Chlrino, A. J., Zhang, J., et al. (1998)
Nature (London) 395, 511–516.

31. Murzin, A. G., Brenner, S. E., Hubbard, T. & Chothia, C., (1995)
J. Mol. Biol. 47, 536–540.

32. Sun, P. D. & Boyington, J. C. (1997) Current Protocols in Protein
Science (Wiley, New York), pp. 1–100.

33. Bentley, G. A., Boulot, G., Karjalainen, K. & Mariuzza, R. A.
(1995) Science 267, 1984–1987.

34. Mandelboim, O., Reyburn, H. T., Sheu, E. G., Valés-Gómez, M.,
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